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Abstract— Open Source Hardware allows users to share,
customize, and improve designs, thus enabling technological
advancement through communities of practice. We propose
open source hardware for educational haptics that permits
researchers, educators, and students to share designs arising
from their different perspectives, with the potential to expand
educational applications. In this paper we present a family
of open source kinesthetic haptic devices that build upon
the design of a previous educational haptic device, Hapkit
3.0. First, we discuss methods for Hapkit personalization and
customization that can be achieved by K-12 students and
educators. Next, we describe two kinesthetic haptic device
designs that evolved from the original Hapkit 3.0. One uses
two standard Hapkits with additional components to form a
Pantograph mechanism, and the other uses customized Hapkit
elements along with a novel kinematic design to form a serial
mechanism. These designs are modular; after building two
Hapkits, a user acquires a small number of additional parts
to transform them into a two-degree-of-freedom device. The
Pantograph mechanism was used in an undergraduate class
to teach robotics and haptics to both engineering and non-
engineering students. Open source designs for all devices as
well as tutorials for customization are available at
http://hapkit.stanford.edu.

I. INTRODUCTION

“Open Hardware is a thing – a physical artifact, either

electrical or mechanical – whose design information is

available to, and usable by, the public in a way that allows

anyone to make, modify, distribute and use that thing.” [1]

A. Motivation

The Open Source and Free (as in “Libre”) software move-

ments have aided in academic research, changed the way

technology companies do business, and resulted in products

like GNU/Linux, Apache and R [2]–[4]. Open source and

Free hardware designs have also had significant impact

on technology development. Recent examples include open

electronic platforms such as Arduino [5], open 3-D printing

solutions such as RepRap [6], and robotics projects [7].

However, with the increased development of proprietary

design tools and complex manufacturing processes, open

source hardware has not seen the same growth as open source

software [2], [4], [8]–[10]. Similarly, most haptic hardware

available outside the research community is proprietary.

Thus, users have limited freedom to obtain, modify, and learn

*This work was supported in part by National Science Foundation grant
1441358.

1Department of Mechanical Engineering, Stanford University,
Stanford CA 94305 USA. meliso@stanford.edu;
aokamura@stanford.edu

        (a)                              (b(a)        (a)                              (b)                                 (c)(b))                                 (c)(c)

Fig. 1. Three examples of open source, modular, customizable, 3-D printed
kinesthetic haptic devices. (a) Hapkit 3.0: A 1-DOF kinesthetic haptic device
[11]. (b) Graphkit: A 2-DOF kinesthetic haptic device comprising two
Hapkits connected by a Pantograph mechanism [12]. (c) Haplink: A 2-DOF
kinesthetic haptic device that connects two Hapkits in series to form a novel
mechanism.

form these devices. Hardware is more difficult to replicate

and modify than software, but increasing availability of

3-D printers, free online Computer Aided Design (CAD)

tools, and open electronics platforms enable haptic devices

(Figure 1) that are easily manufacturable and modifiable by

users inside and outside the research community.

B. Prior Work

One of the first open source kinesthetic haptic devices was

the Haptic Paddle [13], a one-degree-of-freedom (1-DOF)

haptic device designed at Stanford University for use in an

undergraduate course in dynamic systems. Since the release

of the Haptic Paddle in 1997, numerous other universities

have made their own version of the device [11], [14]–[22],

each one with specific improvements. The most recent design

from our group, Hapkit 3.0 [11], uses 3-D printed structural

components, a low-cost motor and an open source electronic

interface based on the Arduino Uno called the Hapkit Board.

Higher-degree-of-freedom kinesthetic devices, as well as

tactile devices, have also been made open source. In the

early 2000’s Campion et al. [23] redesigned the 1994 Pan-

tograph [12] and made it open-source in software and hard-

ware. In 2016 Gallacher et al. [24] made a more accessible

Pantograph device by designing an open architecture elec-

tronics board and releasing designs using different structural

materials. Other examples of open hardware haptic devices

include Wooden Haptics [25], the Box and iTouch [26], the

Twiddler [27], the Plank [28], and the Tpad Tablet [29].

These open source devices have advanced haptic technology

through the implementation of accessible haptic devices, and



many of these devices have also been used for education.

Our previous work developing Hapkit [11] and using it

in educational environments revealed that a 1-DOF device

can facilitate hands-on learning, but many of the two-

degree-of-freedom devices cited above have demonstrated

a wider range of applications. More complex concepts that

naturally follow the topics introduced by Hapkit can only be

interactively taught to students if the capabilities of the kit

are expanded. This paper describes how Hapkit 3.0 can be

evolved/customized into higher-DOF devices.

C. Contributions

In this paper we propose a methodology to customize Hap-

kit designs, and present two open source designs that expand

the capabilities of the original Hapkit to 2-DOF (Figure 1).

Both 2-DOF devices aim to conserve the robust design, low

cost, and ease of manufacturing with readily accessible tools

of the original Hapkit. The aim is to provide resources and

a process by which users can build and configure a wide

range of haptic devices. The intended audience includes

researchers, educators, and students who are interested in

building open source inexpensive haptic devices as well as

use haptic devices for educational applications.

II. PERSONALIZATION AND CUSTOMIZATION

Here we distinguish between personalization and cus-

tomization because of their different goals and constraints.

In our work, personalization allows users to change the

device cosmetically and feel an increased sense of ownership.

This is appropriate for users (such as K-12 educators and

students) who may lack the technical expertise required for

more comprehensive, functional design changes, but would

benefit educationally from using CAD tools and 3-D printing,

as well as the engagement we observed when students

make their own devices [11]. In contrast, customization

allows users to create devices with new functionality. This is

appropriate for designers who have access to more advanced

design and manufacturing tools.

A. Personalization

The ability to manufacture and assemble a functional

device such as Hapkit allows the teaching of fundamen-

tal concepts, such as kinematics and physical mechanics,

through interactions with a physical device. Yet the software

used by haptics researchers for device development and

customization is typically too costly for K-12 educators

and students. The stereolithography (.stl) files created for

3-D printing of Hapkit 3.0 were made with SolidWorks, a

licensed CAD design software. For that reason, previous

classroom dissemination of Hapkit used completely pre-

designed devices.

Preliminary work with undergraduate students indicated

that personalization causes users to feel more engaged with

their use of Hapkit [11], so we developed a method for users

to personalize their device using SketchUp, a 3-D modeling

software that is free for K-12 students and educators. To

prevent changes to the functional components of Hapkit

3.0 and 2-DOF versions of Hapkit (Graphkit and Haplink

described below), personalization focused only on the handle

of the device, where the user grasps the device. The original

circular design of Hapkit’s handle is not related to the

device’s functionality.

A tutorial for personalization was written and dissemi-

nated on the Hapkit website. To enable personalization in

Sketchup, we took various handle shapes originally created

in SolidWorks, converted them to .stl files, and imported

those files to SketchUp. In Sketchup, users can select one

of these shapes and add their own design on the surface of

the handle. For example, using SketchUp’s 3-D text tool, a

student can add his or her name to the front of the handle

and using the various drawing tools, users also have the

ability to create their own personal design below their name.

More advanced users can also modify the original circular

handle shape by sketching a new handle design onto the

original circular layout. Then using the push/pull tool, users

can extrude their design and export their SketchUp files

to .stl files, which can be used for 3-D printing. The user

instructions as well as basic starting designs can be found at

http://hapkit.stanford.edu/build.html.

B. Customization

Our design goals for 2-DOF kinesthetic haptic devices are

generated from both manufacturing/assembly requirements

and dynamics/rendering requirements. We aimed for “Open

Implementation” (the design should be available and free

to use and modify [10]) and accessibility (users should be

able to obtain or make the parts using commonly available

tools and online purchasing). In addition, we desired modular

higher-DOF designs that use the original Hapkit 3.0 as a

component. In doing so, we maintain one of the core ideas

of Hapkit, that it is a “kit” to be assembled. Therefore, we

also designed for assembly, such that the device is composed

of a minimal number of parts and that the assembly process

is robust and easy to explain. The 2-DOF impedance-type

haptic devices must be capable of rendering compelling

virtual environments. To date we do not know what level

of kinesthetic device performance is required for effective

application in education, but we use general haptic device

guidelines to define goals such as backdrivability, providing

users with a consistent feel throughout the workspace, a large

Z-Width [30], and a maximum stable stiffness of at least

several hundred N/m. We also require our devices to have a

maximum force output on the order of 5 N (for safety), high-

resolution position sensing (using a magnet and magneto-

resistive sensor), accurate torque output, and the ability to

close a haptic control loop at a rate of at least several hundred

Hz [31]–[34]. These goals are addressed in Sections III-C

and IV-C.

III. GRAPHKIT

A. Design

Graphkit was originally designed with the aim of turning

Hapkit 3.0 into a 2-DOF haptic device that could also

be used as a programmable drawing tool for a robotics









course material that takes advantage of haptics. Users have

also reported the role of Hapkit as a research tool; for

example in human perception experiments and rat behavioral

work. By using Hapkit 3.0 in different environments, we

have learned that one of its best features is its capability

to be customized and personalized by students, giving them

a sense of ownership over their individual devices. This is

why it is important to create customization processes that are

accessible to K-12 students and educators who do not have

access to expensive CAD tools.

As part of our future work we are developing a more

advanced accessible customization process for more experi-

enced users using FreeCAD. We are also working to further

improve the design of our higher-degree-of-freedom devices

as well as perform quantitative analysis of the devices’

capabilities. One of our main challenges moving forward will

be to create meaningful lessons using our higher-degree-of-

freedom devices to integrate these devices into other courses,

in order to further understand the capabilities of haptics in

learning.
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